Abstract-The total synthesis of alamethicin I by solution phase methods is reported.
The microbial peptide alamethicin has aroused considerable interest due to its membrane-modifying properties. The polypeptide is known to lyse cells,' cause fusion of liposomes' and has been used to study sidedness of natural membranes.%j A particularly interesting property of alamethicin is its ability to induce excitability in artificial lipid bilayer systems.6 While extensive studies on the transport properties of alamethicin channels in membranes have been reported,7-9 there has been some confusion regarding the primary structure of alamethicin.'G'2 The original cyclic structure postulated by Payne ef ~1." was found incompatible with 270MHz 'H NMR data." Martin and Williams then proposed an acyclic structure" and this sequence was further modified by Pandey ef a!.'* The studies on alamethicin have been hampered by the heterogenous nature of the material from natural sources. In a recent report Marshall and Balasubramaniani3 have shown that the alamethicin used for biological studies has eight components. However they have identified the major component as having a structure similar to the one proposed by Pandey et 01. (Fig. I) . Alamethicin I is characterised by the presence of a large number of sterically hinderedI a-aminoisobutyric acid (Aib)t residues and an alcohol derived from L-Phe at the C-terminal. In order to probe the secondary structure of alamethicin and thereby develop models for its membrane activity, a program was initiated to study synthetic alamethicin fragments and model Aib peptides by spectrocopyts-'8 and X-ray crystallography."** In this paper we report the total synthesis of alamethicin I by solution phase methods.
Outline of synthetic scheme
The scheme for the synthesis of the amino terminal hexapaptide is shown in Fig. 2 was synthesised from Boc-Gln-AibOBzl, Boc-ValAib-OMe and Boc-Gly-Leu-AibOMe as shown in Fig. 3 . In the synthesis of Boc-Gln-Aib-OBzl, HOBT was added to prevent dehydration of the side chain amide of Gin, during DCC activation.23 Hydrogenolysis of the dipeptide was achieved by catalytic transfer hydrogenation using palladium black and cyclohexene.*' The 14-17 tetrapeptide was synthesised by coupling Boc-Pro to H2N-Val-AibAiwMe as shown in Fig. 4 . Boc-Val-A&OH was coupled to Aib-OMe in DMF with DCC and HOBT. The coupling did not proceed to give the tripeptide when only DCC was used. Instead the corresponding oxazolone was obtained, which was characterised by the IR band= at 1820 cm-'. Boc-y-benzyl Glualn was synthesised by the active ester method using HOSU and coupled to Phol to give the 17-20 fragment of alamethitin (Fig. 5) . The major fragments were coupled as shown in Fig. 6 . Throughout the synthesis amino acid and peptide free bases were used instead of the acid salts accompanied by in situ neutralisation. Schemes involving dipeptide fragments of Aib were not used as their deprotection lead to the formation of corresponding diketo-piperazines.26 An important observation during the course of the synthesis was the detection of extensive racemisation by NMR in sequences R-Aib-X-COOH (X is an optically active amino acid) when only DCC was used as the coupling reagent.*' However, optically pure peptides were obtained when HOBT was used as an additive.
Characterisation of peptide fragments
The various peptide fragments obtained during the course of alamethicin synthesis were characterised by elemental analysis and in the case of larger fragments by amino acid analysis and high field 'H and Y NMR. The C, H, N analysis obtained for the various fragments are summarised in Table 1 . The largest fragment for which elemental analysis was obtained was the 1-13 fragment. In every case, the results were satisfactory. The amino acid analysis data on the larger fragments are summarised in Table 2 . Satisfactory results for all the amino acids were obtained. Ratios for Aib could not be obtained due to low colour value of sterically hindered Aib. The 270 MHz 'H NMR" spectra were fully consistent with the structures and yielded satisfactory integrals for the various groups of hydrogens. Detailed conformational analysis of the l-6 and 7-13 fragments
-Gln -Phol . 4s 46 (7 1. 4. 10 effects of synthetic and natural alamethicin" in unilamellar egg lecithin vesicles, monitored by time dependent changes in Ca*'-chlorotetracycline fluorescence is shown in Fig. 9 . A good correlation is clearly seen between the synthetic and natural peptides. While a well resolved 'H NMR spectrum of alamethicin could not be obtained even at 270MHz. peaks corresponding to aromatic protons of Phol -76 and acetyl protons -28 were clearly discernable. Earlier reports describing the NMR of natural alamethicin" used the convolution difference technique to enhance resolution. A very useful feature of Aib containing peptides is their relatively restricted range of backbone conformations. The reduction in conformational freedom imposed by the presence of Aib residues facilitates the ready crystallisation of many peptides. As a consequence even large fragments could be purified by crystallisation. The availability of single crystals provides a method for the determination of molecular weights by X-ray diffraction if accurate cell parameters and crystal densities can be obtained. The crystal data for some synthetic fragments of alamethicin are listed in Table 3 . For the amino terminal Id and l-13 fragments, molecular weights obtained were 649 and 1412.5. While the agreement is good for the ld fragment with the calculated mol wt of 660, the slightly higher mol wt of the l-13 fragment obtained from the crystal as compared to the calculated mol wt of 1312 may be due to the cocrystallisation of solvent molecules. The mol wt obtained for synthetic alamethicin was 1852. The calculated value is MO. The mol wt determined by X-ray crystallography is based on an assumed density of 1.25 for the crystal. Actual density measurements were not carried out as only one or two good single crystals were available. However the expected error is about 2100. The X-ray results, together with the spectroscopic and amino acid analysis confirm that Arrow indicates change in time scale. Peptidcs were added just before the start of recording. the synthetic product corresponds to alamethicin I sequence.
The synthesis of alamethicin reported in this paper differs in several respects from the solid phase synthesis reported by Gisin ef a/.32.33 and the synthesis of amino terminal l-11 peptide by the POE method by Mayr et 01." In the former, a combination of stepwise and frag ment couplings was adopted and a large excess of protected amino acid derivatives and peptide fragments was used to ensure complete coupling. Further, extensive purification of the fragments and the final product by chromatography was necessary. Aib was quantitated by using small amounts of "C labelled Aib in the synthesis. The synthesis by Gisin et ~1.~'~~~ although elegant turns out to be fairly expensive, due to the large excess of fragments used and the sophisticated monitoring system. In the synthesis of the I-11 amino terminal fragment of alamethicin by Mayr et aLy purification of the POE bound peptide esters was easily effected by precipitation. However, as in the case of solid phase synthesis, large Ac-(I-l7)_OH U. The peptide 25 was dissolved in MeOH (I ml) and 2N NaOH (1 ml) added to it. After 6 hr. Hz0 (5 ml) was added and the aqueous soln was acidified with 2 N HCI. The aqueous layer was extracted with CHCI, (3 x I5 ml) and dried. The peptide acid obtained on evaporating CHCI, was used directly in the next step.
Synthesis of olamelhicin 27
Boc-y-benzyl GIltGIn 21. Boc-y-bentyK;lu (3.0 g, 9 mmol) was dissolved in EtOAc (20 ml) and cooled to 4". HOSU (0.945 g, 9 mmol) and DCC (1.440 g, 9 mmol) were added and the mixture kept at 4" overnight. The DCU was filtered off and the filtrate washed with I N HCI, Hz0 and I M NaHC03. On drying and evaporating EtOAc the HOSU ester of Boc-y-benzyl Glu was obtained as a solid, yield = 2.4 g (66%).
The Boc-y-benzyl Glu-GSu (2.6 g, 6 mmol) was dissolved in THF (IO mL) and a soln of Gln (0.88Og, 6 mmol), Et,N (O.tI4 ml, 6 mmol) in Hz0 (IO ml) was added. After I2 hr at room temp. the THF was removed, the aqueous was acidified with I N HCI and extracted with EtOAc (3 x 20 ml). The organic layer was dried and evaporated. The oily residue was triturated with etherEtOAc when the dipeptide was obtained as a solid, yield = l.6g (57%): m.p. = 125"; [alp= = -15.0" (c = 0.2 in MeOH).
Boc-y-benzyl Glu4In-Phol 22. Phenylalaninol (PhoB3' (0.380 g, 2.5 mmol) was added to a soln of 21 (I.16 g. 2.5 mmol) in DMF at 0". HOBT (0.34Og, 2Smmol) . DCC (0.515g, 2.5mmol) were added and the mixture stirred at room temp. for 24 hr. The DCU was filtered off and the filtrate diluted with EtOAc (25 ml). TheorganiclayerwaswashedwithH20, I NHCl,HzO, I MNaHCO, and dried. On evaporating the ethyl acetate, the tripeptide was obtained as a solid, yield = 0.95Og (60%); m.p. = 165°C; [alp= = -52.5" (c = 0.2 in MeOH).
The Boc group was removed from 22 (0.120 g, 0.2 mmol) with 2N HCl/THF (1OmJ). The hydrochloride was dissolved in DMF (5 ml), cooled to 0" and Et, N (0.03 ml) added under stirring. After 20 min 26 (0.100 g, 0.6 mmol) was added followed by HOBT (O.OlSg, 0.1 mmol) and DCC (0.025g. 0.1 mmol). The mixture was stirred at room temp. for 48 hr. The DCU was filtered off and the filtrate diluted with CHClr (IS ml). The organic layer was washed with HzO. I N HCI HzO, I M NaHCOs and dried CHClr was evaporated and the residue dissolved in EtOH (ISml). Freshly prepared Pd black (O.OSOg), cyclohexene (3 ml) were added and the mixture was refluxed for 1 hr with stirring. The EtOH soln was then decanted and evaporated. The residue was triturated with ether to give the desired compound, yield = 0.35 g (35%); m.p. = 237"; Lit (natural alamethicin)'*=259- 26O', 275-279". Single crystals were obtained from MeQH. The cell parameters obtained from X-ray diffraction are summarised in Table 3 . The character&ion of the peptide is described in the text.
